INTRODUCTION
A large number of developed, industrialised countries have banned or restricted asbestos use in the past 30 years. Nevertheless, asbestos exposure is still widespread in the world: besides active occupational exposure that is estimated to affect about 125 million men and women, 1 a large number of people are exposed to asbestos in areas that may remain in place for decades after the enforcement of asbestos bans. To the best of our knowledge, no reliable global estimate exists of the number of people affected by environmental or domestic exposure linked to asbestos mining or industrial processing or other asbestos use. Each year about 89 000 people die from asbestos-related diseases such as lung cancer, mesothelioma and asbestosis. 2 The association between environmental exposure to asbestos and pleural malignant mesothelioma (PMM) has been investigated in a few studies conducted in areas with significant asbestos mining or processing activities. These reflected the levels of exposure in the general environment when mines and industries were active. [3] [4] [5] [6] [7] [8] Other case-control studies investigated the risk factors for PMM in populations living in areas not affected by specific environmental sources of asbestos exposure. [9] [10] [11] [12] [13] No formal studies, as to our knowledge, explored the relationship between cumulative exposure and PMM after non-occupational exposures or investigated the risk associated with asbestos materials in place in living areas.
The area of Casale Monferrato in Italy showed an extremely high incidence of PMM. The average annual incidence (definite diagnosis) in the period What this paper adds ▸ Previous studies by us investigated the effects of different exposure routes (occupational, environmental, domestic) separately and on a qualitative basis. Here we focus on the separate contribution of non-occupational (environmental and domestic) exposure to pleural malignant mesothelioma risk using estimated quantitative exposure. ▸ A cumulative exposure trend in the risk of pleural malignant mesothelioma was observed with increasing non-occupational exposure, as well as with occupational exposure. ▸ An increased risk of pleural malignant mesothelioma was observed for domestic exposure from asbestos exposed family members. ▸ An increased risk was observed from self-reported exposure to asbestos in place.
1990-2010 was 27.3 ( per 100 000) among men and 15 ( per 100 000) among women, about 10 times higher than the corresponding Italian incidence rates. 14 15 An asbestos-cement (AC) factory (Eternit) was active in the town of Casale Monferrato for 80 years, until 1986, 16 and was the major source of asbestos pollution. 8 17 Our research group conducted several studies on the effects of asbestos exposure in the area. However, our previous reports considered the association of PMM with asbestos exposure separately for occupational, environmental and familial/domestic routes of exposures and used qualitative exposure assessment. 7 8 16 17 That is unsatisfactory as individuals experience multiple circumstances and routes of exposure whose effect on PMM risk could not be separately assessed; thus, the exposure-response relation could not be estimated separately for occupational and environmental exposure. The present study was carried out to overcome these limitations and moreover, to update risk evaluation after 20 years from the cessation of industrial activity. A more refined assessment of asbestos exposures was performed: frequency, duration and intensity of exposure were estimated and a cumulative exposure index was computed. We present estimates of PMM risk by this cumulative exposure index with consideration of all sources of exposure.
METHODS
The population-based case-control study included the incident Cases were actively searched in the units of pathology, pneumology, oncology, internal medicine, thoracic surgery and radiotherapy of the hospitals serving the study area. Only cases with morphological (histological and/or cytological) confirmation of diagnosis were included. Controls were randomly selected from the population rosters of the LHA of Casale Monferrato. Cases and controls were matched by date of birth (±18 months) and gender. To increase power in the younger age classes, the casecontrol ratio was 1:2 for cases 60 years and older, and 1:4 for younger cases.
Cases were invited to the study by their attending clinician, while controls were invited by letter after their respective general practitioners (GPs) were duly informed. All participating subjects received written detailed information on the study, and signed consent forms for the interview and the processing of sensitive personal data.
When the invited subjects died or were physically unfit, proxy interviews were accepted, usually with the spouse or a son or daughter (table 1) . Cases and controls (or their respondents) were interviewed using a standardised questionnaire, administered by trained interviewers (further details provided in the online supplementary methods).
Coding of occupational histories
Job titles were coded according to the International Standard Classification of Occupations, 18 and trades according to the Statistical classification of economic activities in the European Community. 19 
Exposure assessment
The evaluation of asbestos exposure (occupational, environmental, domestic) was conducted blindly to the case/control status by an experienced rater (DM).
As individuals often had multiple exposure circumstances (work and not work-related), the exposure assessment took into account their whole exposure history and computed a single exposure index, reflecting the contribution of all sources. Exposures unrelated with work included living in proximity to industrial or natural sources of airborne asbestos (environmental exposures), sharing home with individuals occupationally exposed to asbestos (familial exposure), having asbestoscontaining materials installed at home or handling such materials during home repairs or leisure-time activities (domestic exposures).
Any particular exposure circumstance may entail multiple exposure patterns, which have been separately assessed.
As regards occupational exposure, at least one and potentially many exposure patterns were assigned to every job held by a study subject. For instance, if a job entailed regular working shifts in a brake-lining production department, followed by daily short duty periods spent cleaning the plant exhaust system, two different exposure patterns were assigned.
The most appropriate reference value for fibre concentration in each exposure pattern was chosen from collections of fibre measurements organised by job, industry and calendar period available from the literature and the web. 20 21 Fibre measurements, furthermore, were available for asbestos industries active over the past four decades in Piedmont, including the Balangero asbestos mine, AC production, asbestos-textile works, and production of brake and clutch linings. Such measurements were carried out partly by public laboratories under the request of health and safety inspectors, and partly by company laboratories which were later registered by health and safety inspectors. These were retrieved and then entered into a computerised database, which contributed to the EXPOSYN database. 22 To guide and document the exposure assessment process, the rater first completed a preliminary step. Based on the job description provided at the interview, a score was assigned to the exposure determinants included in a fixed list, including active and passive exposures. Scores were not intended to directly drive exposure assessment, but their pattern drew exposure scenarios, documenting how the rater reconstructed each exposure circumstance. This step accomplished, exposure was assessed along the four axes of probability, frequency, intensity and duration. Probability of occupational exposure was classified as definite, probable, possible and unlikely. Exposure was considered definite when reported at interview or known to the rater. It was classified as unlikely when it had not been reported at interview and the rater had no knowledge of its occurrence under the specific circumstance being evaluated or other plausibly similar circumstances. Intermediate conditions, that is, exposure neither reported nor denied at interview but known to the rater to have occurred under the same or similar circumstances, could be classified as probable (if prevalence of exposure in the specific job, industry and period was estimated to be high) or possible (if prevalence was estimated to be low). Self-report of exposure was decisive for the assessment of exposures due to presence or use of asbestos-containing materials at home.
Frequency was assessed as the time spent under the exposure pattern under evaluation, relative to the duration of a standard 8 h work-shift. It was assigned according to the job description provided at interview, which included a question on the amount of time spent carrying out the different tasks entailed by each job. If no direct estimate could be obtained at interview, information provided by other interviewees engaged in similar work activities and the personal experience of the rater were taken into account.
Intensity was rated according to an ordinal scale, arranged in eight increasing steps, one order of magnitude apart. The lowest level corresponds to fibre concentrations in areas without man-made or natural sources (<0.3 fibres/L (f/L)) and the highest ones to those typical of unprotected tasks, in presence of very powerful sources of airborne fibres (30-300 fibres/mL (f/mL)) and eventually, under the influence of other critical factors such as tight and unventilated spaces (≥300 f/mL). Each exposure pattern was assigned one of such levels and was, thus, attributed the corresponding fibre concentration interval.
Duration of exposure for a given period was computed as the difference between the year of start and year of end, or 6 months if both occurred in the same year.
For every occupational exposure pattern, the exposure index was computed by multiplying frequency, intensity and duration. Frequency and duration were treated as continuous variables. As intensity had been assessed as a fibre concentration interval spanning one order of magnitude, it was first converted to a point estimate: the interval midpoint on a log scale. The midpoint for background intensity was set to 0.1 f/L. The resulting exposure index had the dimension of fibre per millilitre years (f/mL-years) and background intensity exposures correspond to a lifetime cumulative exposure of 0.03 f/mL-years. Probability of exposure was used to selectively include in analyses only exposure patterns fulfilling predefined criteria: only definite, definite and probable, or all exposures (definite, probable and possible).
A similar procedure was applied to non-occupational exposure circumstances.
Assessment of environmental exposures was based on the residential distance from identified neighbouring source(s) and from the source characteristics that may determine its emissions. For non-industrial sources, such as spaces paved with finely broken AC tailings, assessment was based only on the distance from home and this surface. For industrial sources, we also took into account the type-whether involving direct use of asbestos or of asbestos-containing materials-and level of production, asbestos consumption and calendar period of exposure to account for changes in production volume and in use of asbestos. These factors contributed to allocate a near field (30-300 f/L) or a far field (3-30 f/L) exposure level, relative to a specific source, or a level corresponding to the diffuse presence of individually unidentifiable sources (0.3-3 f/L), as in major urban areas or lastly, background exposure. When only information on residential distance and type of production were available to the rater, the criteria developed in one of our previous studies were used 7 (see online supplementary appendix 1).
In case of familial/domestic exposures, intensity was assessed according to: characteristics of the asbestos-containing material reported at interview to be present at home (asbestos type and content, friability, surface damage, enclosure), type of contact (active, passive) and potential for mechanical damage associated with interventions on that material, as described at interview. Such circumstances, and in particular some leisure-time or home-repair activities involving the use of asbestos-containing materials, have the same determinants of exposure intensity as occupation and may entail exposure levels comparable to those experienced at work. The same criteria were, therefore, used along with additional references. 23 Consideration was given to the fact that non-occupational exposures may last longer than a standard work shift, by allowing for frequency indices larger than 100%: environmental and domestic exposures were typically assigned a standard 300% frequency index. 24 Study subjects for whom no occupational and nonoccupational circumstances exceeded the background exposure level on the intensity scale were considered as a reference group. For all other study subjects, the cumulative exposure index was computed as the sum of all of their exposure indices. All exposures (definite, probable and possible) were included in the calculation for the main analysis. Analyses restricted to definite only and to definite plus probable exposures were also carried out, along with analyses limited to the exposures contributed by specific routes (occupational, environmental, familial/domestic) and analyses stratified by type of interview (direct or proxy).
Data management and analysis
Data were recorded in a standard data base (Microsoft Access) and were analysed using SAS V8, Stata V.11 and R. The main data analyses were based on unconditional logistic regression, adjusting all models for gender, age at diagnosis and type of interview (with subject vs with proxy). Statistical significance was set at 0.05.
RESULTS
The study base included 223 eligible cases (mean age: 68.4; SD: 11.3; males: 62%) and 552 controls (mean age: 65.4; SD: 12.1; males: 61%). Two hundred cases (89.7%) and 348 (63%) controls accepted the invitation and were interviewed (table 1). The ascertained cases represented 96% of all incident cases of PMM registered by the regional mesothelioma registry in the corresponding area during the study period (DM personal communication). Distribution by sex of participating cases and controls was similar. Cases were older than controls because of the oversampling of controls matched to cases under 60 and the different age distribution of non-participating controls. Interviews took slightly longer among cases than among controls. Interviews were face to face in 54% of the cases (due to death or poor health condition, 46% of interviews were with a close relative) and for nearly all controls. Such differences were statistically significant and these variables were adjusted for in the analyses. Table 2 presents results on PMM risk by classes of the cumulative exposure index. Classes were defined according to the logarithmic nature of the cumulative exposure index scale. Analyses show a constant trend of increasing OR with increasing exposure. A similar trend was observed when the analyses were restricted to subjects with non-occupational exposure. The OR was already significantly increased in the lowest category of exposure, corresponding to 'up to 1 f/mL-years' class.
The 'upper exposure' categories are not corresponding for occupational and non-occupational exposures because this is an open category, including a different range of values for the two routes of exposure. Mean and range of fibre/mL-years are reported in table 2. The mean duration of exposure ranges from 28 years (SD 17) for the subjects included in <1 f/mL-years category to 53 years (SD 17) for the subjects included in ≥10 f/mLyears category.
Only 20 cases and 9 controls (out of respectively 200 and 348, of which 116 and 147 were assessed as occupationally exposed) had been employed in the AC industry, a proportion that is not surprising given that the Casale Monferrato plant had closed operations in 1986 and two-thirds of the cohort members have died.
Analysis restricted to 'definite' only or to 'definite and probable' exposures are shown in online supplementary table S1. The results of analyses restricted to occupational, environmental and familial/domestic exposure circumstances are reported in online supplementary table S2. In online supplementary table S3 we show the ORs by cumulative exposure, stratified according to interview type, direct or proxy. Higher ORs were observed when considering subjects interviewed face to face versus subjects with a proxy interview. Table 3 shows the risk of PMM in relation to occupational asbestos exposure of family members. Each category of membership was included as a dummy variable. A significantly increased OR was observed when father or mother or spouse were occupationally exposed to asbestos. An increase, close to statistical significance, was also present for other family members (table 3) . Having a family member (any category) occupationally exposed to asbestos doubles the risk of PMM. Family members of 33 cases (16%) and 26 controls (7%) were reported to have brought work clothes home for cleaning. The OR only changed negligibly when using different procedures in controlling for direct occupational exposure, that is, adjustment or stratification. The results by exposure membership categories could not be mutually adjusted because of collinearity that precluded model fit. Table 4 shows the results on risk associated with domestic exposure due to the use of asbestos-containing tools or the presence of AC materials at home or around it. Each exposure is included as a dummy variable. The OR for having paved the garden or courtyard with AC tailings (a relatively common practice and a source of exposure in the Casale Monferrato area) was 3.4 (95% CI 1.4 to 8.4; adjusted for occupational exposure in AC industry). The increased ORs linked to having an AC roof (OR=2.4; 95% CI 1.4 to 4.2) or AC buildings close to the house (OR=1.9; 95% CI 1.2 to 3.2) were also statistically significant. These analyses were conducted using either adjustment or stratification by occupational exposure, with very similar results.
DISCUSSION
This population-based case-control study was conducted to improve knowledge on the relationship between PMM and quantitative exposure to asbestos, with special consideration of non-occupational and the general low-level of exposures, based on the evidence arising from the area of Casale Monferrato (Italy). We developed an interest for the area some 30 years ago because it was the location of the largest and oldest AC factory in Italy. We studied both the workers 16 their families, 25 and the risk factors for PMM in the local population. 8 17 The extremely high incidence of PMM in the area made it possible to conduct large studies as the present one, even if PMM is a rare disease. Aim of this study was to fully account for the joint contribution of occupational and non-occupational exposures to PMM risk and central to this effort was exposure assessment. Moreover, we aimed at updating previous results after the cessation of asbestos cement production in the area.
Information on exposure was based on data collected at interview and on the expert assessment of asbestos exposure. Expert-based exposure assessment has been criticised because of its lack of reproducibility and transparency. 26 Despite such limitations, it is still considered to be state-of-the-art: alternative and more formal strategies for exposure assessment are only just being developed. 27 28 In our study, in order to enhance internal consistency and avoid differential exposure assessment and to document the rater's assumptions, exposure determinants were scored before quantitatively assessing the exposure circumstances. Non-differential error in exposure assessment, however, may have occurred. It has been shown that random error in exposure measurement, or a combination of random errors with systematic (but non-differential) underestimation or overestimation, leads to an attenuation of the exposure-response relationship when data are analysed by categorising a continuous exposure variable at predefined cut-points. 29 A large number of different occupational and nonoccupational exposure circumstances were described by the study subjects and the most common were those associated with industrial activities and sources in Casale Monferrato. Fibre concentration measurements were available for only a minority and in recent periods. We took advantage of available data, with gaps completed on the basis of assessor's expertise. The information on airborne asbestos fibre concentration in Casale Monferrato were presented by Maule et al 17 and are only summarised here. Fibre concentration was about 10 f/L close to the factory and about 1 f/L elsewhere in the town in 1985; 10 years later it decreased to 1 f/L and less than 1 f/L, respectively. Although the concentration of airborne asbestos fibres did not appear very high, all reports underlined the high proportion of long amphibole fibres. Further, even the oldest measurements were taken when the factory had already downscaled its activity, 1 year before its shut down. Two reports on lung asbestos fibre burden from the area of Casale Monferrato 30 31 confirmed the high exposure of the resident population and clearly underlined the exposure to long amphibole fibres. In the study by Barbieri et al, 30 the amphibole fibres were regularly found among the eight mesothelioma patients considered (three patients with residency periods in Casale Monferrato), whereas chrysotile was present in only two cases and even then it was not the predominant type of fibre. Chrysotile is less persistent and the predominance presence of amphiboles could be a marker of environmental contamination from the 'Eternit' plant in Casale Monferrato. Hodgson and Darnton 32 stated that per unit fibre exposure mesothelioma risk from amphiboles exposure is far more greater than that from chrysotile exposure.
The assessment of non-occupational exposures associated with the presence or use of asbestos-containing materials at home depended on the self-reporting of exposure and may have been affected by recall bias.
The study only included cases of PMM with diagnosis confirmed after microscopic examination of histological and/or cytological samples, identified through active search in the area referral hospitals. Identification was complete, as the cases accounted for over 95% of all incident cases arising in this population during the study period, according to the regional mesothelioma registry (DM, personal communication).
The study was restricted to PMM to reduce heterogeneity in the group of cases: since pleural and peritoneal MM show different incidence patterns by latency and exposure level, we deemed it inappropriate to pool them together. 33 Controls were randomly sampled from the residents of the area: individual matching by age and gender was used to keep the two series comparable. Participation was almost 90% for cases and 63% for controls: corresponding figures in our previous case-control study were 89% and 83%, respectively, but the proportion of living subjects was much higher in the present data.
A systematic review on the quantitative relationship between PMM and asbestos exposure was carried out for the Second Italian Consensus Conference on Malignant Mesothelioma of the Pleura. 34 It documented that MM occurrence increased with cumulative exposure to asbestos. Our results confirm that conclusion, observing a sharp increase in PMM risk with cumulative exposure even at low and very low-levels. The exposureresponse relationship appeared sharper when the analyses were limited to directly interviewed subjects. It seemed steeper when not only definite, but also probable and possible exposures were taken into account; however, the ORs in the corresponding exposure categories had wide and overlapping CIs. When the cumulative exposure index was calculated by route of exposure (occupational, environmental, familial/domestic), the ORs by exposure category did not change significantly across the three different routes, but were systematically lower than in the main analysis, as shown in table 2. This attenuation is due to the fact that the reference exposure category included individuals who were exposed by the other routes of exposure.
Only a limited number of studies on MM had previously been carried out in general populations and comparison of results was made difficult by differences in the diseases included (all MM or PMM), in assessment of exposure and in criteria of analysis. Risk of mesothelioma in relation to occupational asbestos exposure of family members (having vs not having an exposed family member) The models are adjusted for age, sex, type of interview. The reference category corresponds to subjects with no family members occupationally exposed to asbestos. OR c : OR in the stratum of subjects with no occupation in the AC industry. OR adj : OR adjusted by occupational exposure to asbestos in the AC industry. Risk of mesothelioma in relation to environmental and domestic exposure to asbestos with reference to the entire life history (exposed vs not exposed). The models are adjusted for age, sex, type of interview. The reference category corresponds to subjects not being exposed to any of the categories. OR c : OR in the stratum of subjects with no occupation in the AC industry OR adj : OR adjusted by occupational exposure to asbestos in the AC industry
Iwatsubo et al 10 carried out an analysis of the exposureresponse relationship for PMM in five regions of France, their main interest being occupational exposures. They observed a clear trend of increase in the OR according to cumulative exposure, with an OR of 11.3 for subjects continuously exposed to over 10 f/mL-years. Hansen et al 3 carried out a cohort study of MM in the population living in the town of Wittenoom and observed a steady increase in the incidence rate of MM with all the indicators of intensity and duration of exposure. Howel et al 4 found a strong association of MM with residential proximity (closer than 0.5 km) to an asbestos exposure source (OR=6.6). They did not provide quantitative estimation of exposure but a companion paper 5 measured the association of MM risk with the asbestos lung burden, showing higher concentrations of asbestos fibres in cases than controls. Results of a case-control study on PMM recently published by Lacourt et al 11 showed a clear exposure-response relationship between quantitatively assessed occupational exposure and PMM among men. The point estimates of the OR by category of cumulative exposure were strikingly similar to our own results. In the study by Mensi et al 35 that evaluated the impact of asbestos cement production on MM incidence in the area of Broni (an Italian town where an AC factory was active in the period 1932-1993), 72 cases of PMM of 138 were attributable to environmental exposure but the study did not evaluate the relation with cumulative exposure. The observed increase in female cases of mesothelioma in the UK, many with no occupational exposure to asbestos, suggested widespread environmental contamination. 12 Our study clearly shows a relationship between PMM risk and cumulative exposure also after non-occupational exposures. This is a novel result that confirms with quantitative data our previous results from studies in the area 17 and underlines the need to carefully control all sources of asbestos exposure.
A statistically significant risk of PMM has been repeatedly reported for individuals having family members exposed to asbestos. Howel et al 4 showed a strong association of MM with this route of asbestos exposure (OR=61.7 in the stratum without occupational exposure). A two-fold increase in risk was observed by Rake et al 12 for 'living with an exposed worker before age 30'. Mesothelioma was also reported to occur among wives of asbestos workers in the cohort studies published by Ferrante et al 25 and Anderson et al.
36
Environmental exposures to asbestos combined with domestic exposure were reported to be the cause of epidemics of mesothelioma among people living in villages in Turkey exposed to erionite, 37 and among people residing in areas of tremolite contamination in Cyprus, 38 Metsovo 39 and New Caledonia. 40 In Casale Monferrato and surrounding towns, the AC factory was reported as the main source of asbestos pollution until 1986; this is also shown by our analysis of the spatial distribution of PMM risk around it. 17 Other sources, such as AC roofs or AC tailings may have taken on a progressively more important role (in relative terms) after the factory was closed and, more recently, careful abatement of its asbestos-contaminated site has been completed. In our study, having a garden or courtyard paved with AC tailings, an AC roof or AC buildings near home were associated with a significant increase in the OR. These are currently considered to be potential secondary sources of asbestos pollution. As per our knowledge, no other case-control study reported the evaluation of the risk related to the presence of AC materials in the surroundings of the residence. Our results, albeit based on questionnaire information, indicate the need to evaluate AC in place as a potential source of risk.
PMM incidence in the Casale Monferrato LHA has risen over the years up to an age-standardised rate of 35.5 (95% CI 28.7 to 42.4) cases per 100 000 per year in 2008-2012 among men, and 15.9 (95% CI 11.6 to 20.1) among women (definite diagnosis). The increasing trend seems to have flattened out during the past few years, since age-standardised incidence rates for 2005-2009 and 2010-2012 periods were similar.
14 Such high and persistent incidence is a cause for alarm among Casale Monferrato citizens, who sometimes question whether the causes of this epidemic are finally under control. The town has indeed undertaken a massive process of decontamination, including the shutdown of the AC plant and related buildings, the remediation of deposits of tailings and the substitution of AC roofs of public buildings. The programme is continuing and will also include financial and procedural support for renovation of private buildings. Epidemiological surveillance is ongoing to evaluate whether these measures will determine a reduction of MM incidence.
The present work confirms the quantitative relationship between PMM incidence and cumulative exposure to asbestos, even at low levels of exposure. It also underlines the contribution of environmental and familial/domestic asbestos exposures to the occurrence of PMM in the population of Casale Monferrato, with increased risks in relation to AC in place in the living environment. Continuing epidemiological surveillance and investigation into the specific routes and circumstances of exposures contributing to PMM occurrence in this population is, therefore, important.
